Horizontal wells are becoming a very important component in the thermal recovery of heavy oil reservoirs. The success of a cyclic steam injection project depends strongly on the selection of key parameters, such as cycle length and amount of steam injected. The numerical simulation of horizontal wells, especially under non-isothermal conditions, is computationally demanding. When optimization is combined with numerical simulation, the computing time requirement may be prohibitive and it is not guaranteed that the optimal conditions will be found.
Introduction
Thermal stimulation of heavy-oil producing wells by cyclic steam injection has received attention since the early 1960's.
Currently, steam stimulation is being applied on a commercial scale, particularly in Venezuela, California and Canada.
With the arrival of horizontal well technology, the production from heavy and extra heavy oil reservoirs has been considerably improved. One of the prospective areas for using horizontal wells is thermal recovery using steam.
Horizontal wells represent an indispensable technology for the production of bitumen or extra heavy oil formations. Process like SAGD, HASD drive, and Vapex have been specially designed using horizontal wells for recovery of oil that is immobile at original reservoir conditions. Today, these processes represent the most feasible alternatives to produce relatively deep bitumen formations.
For conventional heavy oil reservoirs, the selection of horizontal wells is not a simple issue. Horizontal wells have been successfully applied in areas where gas and/or water conning is the major problem. However, factors such as vertical and horizontal permeability anisotropy, reservoir thickness, and sand production have strong influence in the production performance of this type of well. Under specific reservoir scenarios, the use of horizontal wells does not always represent the best alternative.
In thermal oil recovery like cyclic steam injection and steam drive, horizontal wells have notable advantages over vertical wells such as better heat distribution and lateral transportation of fluids. In addition, the number of wells necessary to produce a pattern decreases in reservoirs with close well spacing. Nevertheless, the success of the steam injection process strongly depends on ensuring a uniform placement of the steam along the total well length.
Success in the combination of cyclic steam injection with horizontal wells will depend upon an appropriate technical and economic design. To the best of our knowledge, no optimization methodology has been developed to support design decisions about thermal stimulation of horizontal wells. Among the complications associated with this task are the lack of long field experience under a wide range of conditions, and lack of an analytical solution to predict the oil recovery from a thermally stimulated horizontal well.
Thermal simulation of cyclic steam injection with horizontal wells involves large amounts of time. Therefore, it is an interesting challenge and an imminent necessity to develop a systematic methodology that combines numerical simulation with an optimization method to obtain, in reasonable time, the optimum design conditions represented by the amount of steam to inject in each cycle, the respective production times and the number of cycles.
In this research, a new methodology has been developed for optimizing the cyclic steam injection process for vertical and horizontal wells. The procedure integrates three stages: oil production characterization, net present value maximization and model validation/tuning. The three-stage procedure provides the optimal number and/or duration of cycles, the optimal amounts of steam to be injected in each cycle and the optimal value of the overall economic indicator.
Cyclic Steam Injection Process
Cyclic steam injection, also referred to as thermal stimulation, steam soaking or the huff-and-puff steam injection process, is a single-well process usually applied to heavy oil reservoirs.
The primary objective in a cyclic steam injection process is to provide thermal energy in the vicinity of the wellbore, using the steam as the heat transport medium and allowing the rock to act as a heat exchanger for storage of the injected energy. This heat may then be used effectively to decrease the viscosity of the oil flowing through the heated region.
The process involves three phases: the rapid, but temporary, injection of wet steam (quality around 70 to 85%) for a specific period of time (1 to 6 weeks) into a producing well; a short soak period (3 to 6 days), in which most of the latent heat of the steam is transferred into the formation surrounding the well; and finally, a period where the well is put back on production for several months.
During the last period, the production rate of hot fluids starts higher than that of the primary cold production. However, the rate declines with time to near the prestimulation values, as heat is removed with produced fluids and dissipated into nonproductive formations. These three phases are repeated cycle by cycle, until the process becomes unprofitable.
From a technical point of view, two main factors are necessary for the success of this kind of process: a significant effect of temperature on the viscosity of the heavy crude oil, to reduce the flow resistance around the producing well; and a natural production mechanism or a driving force present in the reservoir initially. Typically, gravity drainage and solution-gas drives are the most important mechanisms in providing driving forces during the production phase. In addition, rock compaction might be particularly effective when an extensive area of the reservoir is subjected to thermal operations. 1 From an operational point of view, cyclic steam injection was immediately accepted because the application of the process is simple: a single steam generator may service a large number of wells. In addition, if the process is successful, increased oil production happens immediately, since the oil remains hot as it flows to the well.
Cyclic Steam Injection Using Horizontal Wells.
In general, thermal oil recovery processes have been improved with the incorporation of horizontal wells. The main advantages of the horizontal wells are improved sweep efficiency, increased producible reserves, increased steam injectivity, and decreased number of wells required for field development. 2 Some numerical simulation studies applied to specific reservoirs, 3, 4 along with conceptual cases representative of non-depleted, conventional heavy oil, 5 have noted the improvement in recovery obtained with the application of cyclic steam injection in horizontal wells. However, for the case of bitumen, a conceptual study 6 showed a better performance of cyclic steam injection on a pattern of vertical wells than with horizontal wells. Recently, a simulation study of a depleted zone in Bachaquero field 7 reported a similar conclusion. However, these works did not attempt to compare the optimal technical and economical injection conditions for the competing patterns.
Some field applications of cyclic steam injection using horizontal wells have been reported in the literature .3,4,8,-12 Even though most of these applications have shown favorable performance, rigorous conclusions will be available only after a longer evaluation period. Optimization of the Cyclic Steam Injection. Cyclic steam injection is a good example of a multistage, multidimensional optimization problem. Each cycle represents a stage in which the amount of steam injected (defined as volume of equivalent water), W j , and the production time, ∆t p j , corresponding to each cycle are the control or decision variables. The objective function is represented by the cumulative discounted net income at the end of the final cycle, CDNI n , that has to be maximized, using operational costs and the amount of oil produced in each cycle as the state variables. Both the objective function and the constraints involve a large number of technical and economic parameters that have to be provided as input to the optimization algorithm.
The literature shows many examples that illustrate the diversity of optimization methods and their applications in almost all branches of petroleum engineering.
Some models have been proposed to optimize the process of cyclic steam injection with vertical wells. However, to date, little work has been done in the area of cyclic steam injection with horizontal wells.
Trebolle et al. 13 used numerical simulation together with a sensitivity analysis to optimize the cycle-steam operating strategy for the Bachaquero-01 reservoir in Venezuela. The study provided numerical simulation support for the optimal design of the steam cycles, compared with the current practice which was based on field experience and on the stimulation of over 500 cycles in 30 years. The study concluded that the optimization could improve economic efficiency. It also recommended the use of horizontal wells.
Mehra et al. 14 developed operating guidelines for cyclic steam injection in a water-underlain, oil-sands reservoir in Cold Lake, Canada. Their study involved a stochastic simulation to quantify risks associated with fracturing into water sands. The authors conducted a numerical simulation to obtain correlations among the cumulative production volumes and selected operating variables. Also, they developed an economic model to maximize profits under different constraints. The study concluded that, rather than unique conditions, a wide range of operating conditions can maximize the project profitability.
Dunn 15 used an exponential decline approximation to characterize the production history of a steam-stimulated well. He provided an incremental analysis of production to determine the length of the cycle and the selection of the well to be thermally stimulated.
Curry et al. 16 improved the approach developed by Dunn.
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They proposed a simple method to optimize the profit from cyclic steam injection and to design the well schedules for steaming on the basis of the availability of the steam generators and the steaming priority of specific wells. Hong and Jensen 17 developed a most complete analytical method to optimize the cyclic steam injection process with vertical wells. Their method uses field data to calibrate a constant percentage or a harmonic decline model to estimate the oil production rate during each cycle. Also, they propose a relationship between the amount of steam injected in each cycle and the overall production. Each cycle is finished when the stimulated oil production rate is equivalent to the cold production rate at the end of the preceding cycle. The optimal cycle length and steam volume in each cycle are obtained using an optimization algorithm based on the discrete maximum principle. The algorithm generates a system of nonlinear equations, whose unknowns are the optimal values of the design variables. The algorithm maximizes the cumulative discounted net income at the end of the final cycle, using an incremental economic analysis that takes as a reference the cold production conditions. Cyclic Steam Injection -Oil Recovery Estimation. Modeling the cyclic steam injection process is one of the most challenging tasks in reservoir engineering. Abrupt heat and fluid flow reversals, temperature sensitive permeability, permeability hysteresis, and multiple and changing reservoir mechanisms all complicate the solution. 17 The recovery of a well stimulated with steam can be predicted using analytical and numerical models. Analytical models are separated into two groups: models based on estimation of heat distribution around the wellbore (vertical wells only) and models based on production decline curves. All of these techniques need, to more or less extent, some calibration with field production data to increase the confidence range of the prediction.
The problem is more complex for cyclic steam injection with horizontal wells. At this time, the petroleum industry lacks an analytical method to predict the oil production of a horizontal well thermally stimulated with steam.
Numerical simulators are the most reliable and accurate tools for predicting the behavior of thermal process. However, computational stability is the main difficulty with this kind of simulators. The combination of numerical simulation, cyclic steam injection and horizontal wells require long computational time, but represent the only alternative to study this process.
Optimization Methodology
In this work, a new three-stage characterization-optimizationtuning scheme was developed to obtain the optimal design conditions for a cyclic steam injection process.
The methodology developed for the optimization of a cyclic steam injection project consists of three stages.
Production Characterization. In this phase a set of numerical simulation runs are conducted at different injection conditions, using data that represent, with reasonable accuracy, the typical behavior of a specific reservoir. The analysis of these runs allows us to identify the appropriate production decline model and its corresponding fitting parameters that best represent the actual production behavior in the range of conditions investigated.
Commercial reservoir simulators are available to study the thermal process performance. The thermal numerical simulator used in this work was Eclipse-500 (SchlumbergerGeoQuest), 18 version 98-a. Optimization. The parameters of the production model, obtained in the previous stage, are the input data to the optimization program. From this algorithm the optimal amount of steam injected, together with the production length of each cycle, are estimated.
Tuning (feedback). Finally, a tuning stage is run to verify the conditions predicted by the optimization algorithm. In this stage, the optimal values obtained in the previous stage are introduced into the numerical simulator. The results obtained are compared with the input data, and, if there is a significant discrepancy, the process is repeated to convergence within a reasonable tolerance. In this case, however, the characterization stage will be run only for a narrow range of decision variables representing a restricted neighborhood of the current estimate of the optimal conditions. Production Decline Models. The optimization algorithm has to be able to estimate the oil rate and the total oil production, at cold and hot conditions in a wide range of amounts of steam to be injected. To do that, we introduce into the algorithm production decline models, whose parameters have been determined previously, to represent the production conditions of a specific stimulated reservoir.
At thermal stimulation conditions, we can assume that the initial flow rate corresponds to the maximum value. We will call this value q sj max . As Hong and Jensen 17 proposed, the superscripts s and j will be used to denote steamed conditions at a generic cycle j.
The production time for cycle j, ∆t p j , is expressed by
and represents the elapsed time between the end of the soak time of cycle j, and the start of injection in the next cycle, j+1.
In Eq. 
Where D h j is the decline factor, q sj fin is the final production rate at the end of the cycle j, and N p sj is the overall production of the cycle j. Harmonic Decline 
For the case of hyperbolic decline, it is necessary to obtain a relationship between the factor b j in Eqs. 6 and 7 and W j . We developed the following correlation, which fits the values of b j with reasonable precision.
( )
, and G 3 j , are parameters that are determined using a nonlinear regression technique 19 . Criterion to Stop the Cycle. In general, a cycle is stopped when the production rate is comparable with the corresponding cold production. Hong and Jensen 17 suggested using an oil rate equal to the cold production rate at the end of the cycle j-1, as a criterion to finish cycle j. Accordingly,
where q(t j-1 ) represents the cold production rate or oil primary production rate at the end of cycle j-1.
The cold production rate can be obtained through a production decline model, as presented in Eqs. 2 to 7. The model selected must be previously tuned with field data or with data provided by a numerical simulator that properly represents the cold production behavior of the field.
As an example, Eq. 10 represents the exponential decline model for the cold production. The subscript c in the decline factor D means cold production. Equations equivalent to Eqs. 4 and 6 can be also written for wells in which cold production is better represented by harmonic or hyperbolic decline models.
where q(t 0 ) is the cold production rate at time t 0 .
Overall Production Estimation. . We observed that in general the maximum oil rate for a cycle has a linear relationship with the amount of steam injected. So a straight-line equation (Eq. 12) was used.
where m j and b int j are parameters to be fitted with the simulation data. Production Time by Cycle. As we can observe in the decline model equations (Eqs. 2, 4 and 6), if we introduce the decline factor, the maximum production rate, the overall production by cycle (and also the parameter b for the hyperbolic model), and the criterion to stop the cycle given by Eq. 9, then the corresponding production time can be obtained. Hence, up to this stage, the optimization algorithm will optimize only the amount of steam to inject by cycle, and we will consequently obtain the corresponding production time for the cycle. That means that we will not use the variables ∆t p j as decision variables. Rather, they will be state variables. The way to also optimize the production time will be discussed later. Optimization Algorithm. The cyclic steam injection process is very specific for the reservoir and the conditions of the well that is stimulated. For this reason, a priority in the development of our optimization algorithm was to obtain a model that is simple to apply and easy to modify.
Hong and Jensen 17 suggested an optimization algorithm based on the discrete maximum principle. The application of this mathematical method produces a system of complex, nonlinear equations. For the specific case of a cyclic steam injection process, the unknowns of the system are the optimal values of steam to inject, W j , and the production time ∆t p j for each cycle.
The optimization algorithm that we propose to solve the optimization problem of a cyclic steam injection process is based on a Quasi-Newton method and a finite-differential gradient approximation. This algorithm is simpler to apply than the discrete maximum principle algorithm. Additionally, this method provides flexibility to introduce modifications more easily, because it works directly with the objective function and does not require that we create and solve a large system of nonlinear equations. Objective Function. The objective function that we want maximizes is represented by the cumulative discounted net income at the end of the final cycle, CDNI n (Eq. 13). The derivation of this equation was given by Hong and Jensen 17 . (14) and
The optimization algorithm maximizes the objective function through two consecutive optimization loops, using as decision variables the amount of steam injected, W j (first loop) and the production time, ∆t p j (second loop), both in each cycle.
Eq. 13 gives us flexibility to introduce specific economic parameters for each project to be considered, such as additional or different operational costs and taxes. Sometimes the cyclic steam injection involves the application of additives, like organic solvents or surfactants, to improve the steam distribution inside the reservoir. Eq. 13 can be easily modified to incorporate the additional costs, and the optimization algorithm proposed could be applied to obtain the optimal injection conditions (steam and additive amounts) for this specific problem.
Eq. 13 is defined to estimate the cumulative discounted net income from an incremental analysis. That means that we are evaluating the incremental benefits of the steam injection over cold production. For some heavy oil reservoirs, it is common that the wells are drilled exclusively for thermal applications, because the primary production is uneconomical. For these kinds of mutually exclusive projects, Eq. 13 can be easily modified 19 to represent the cumulative discounted net income without comparing with the cold production, which is given in Eq. 16. In that case, the drilling costs of the well are incorporated at the beginning of the project, and the benefits are calculated without subtracting the primary production. The gradient is a directional derivative of the objective function. In our algorithm, the gradient is estimated numerically, using a finite-difference approximation.
The quasi-Newton method 20 is based on an estimation of the direct path to the optimum, using an iterative procedure similar to Newton's method. However, this method avoids using the Hessian of the objective function. This is an advantage, because most of the time these derivatives are difficult or inconvenient to compute analytically. Instead, the quasi-Newton method uses another matrix that is constructed only from the first partial derivatives of the objective function. The approximation matrix is updated in each iteration. The method is called quasi-Newton because we use an approximation to the true Hessian matrix.
In our optimization algorithm, the amount of steam to inject in each cycle, W The objective function represented by Eqs. 13 or 16 are optimized by using the IMSL50 mathematical library 21 . Specifically, the subroutine DBCONF50 is suitable for solving this problem. A Fortran90 program was written to optimize the objective function.
The algorithm has two consecutive optimization loops. In the first one, the optimal values of W j are obtained. In this stage, the production stage of a generic cycle j is finished when the hot production rate is equal to the cold production at time t j-1 . For these conditions, the values of overall production for each cycle are obtained from 
Optimization Algorithm Verification
The proposed optimization algorithm was compared with the discrete maximum principle method used by Hong and Jensen. 17 The methods were compared to each other using the data and the three examples reported by Hong and Jensen.
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Example 1, Four Cycles. For a four-cycle stimulation project, determine the optimal set of steam volumes and cycle lengths that maximizes the cumulative discounted net income at the end of the fourth cycle.
As we can observe from Tables 1 and 2 , our optimization method gave values comparable to the results reported by Hong and Jensen 17 using the discrete maximum principle method. Example 2, Project Life = 1,460 days. With the project life specified as 1,460 days (4 years), determine the optimum number of cycles and the optimum set of control variables that maximizes the cumulative discounted net income over the given project life.
To solve this problem, a new optimization algorithm was developed. The variables to optimize were switched from W j to the production length of the cycles, ∆t p j . A new IMSL subroutine (DLCONF) 21 was used to optimize the objective function. This subroutine has the flexibility to use linear equality or inequality constrains. This advantage is used to introduce the project life as the following linear equality constraint 
Only one optimization loop was used to solve this problem, where the production lengths for each cycle, ∆t p j , were used as decision variables in the optimization algorithms. For the exponential case represented in Example 2 and using the usual constraints represented by Eq. 17 Tables 3 and 4 .
The results are almost the same. However, we believe that it is better to use the procedure with two optimizations loops, because there is an exact relation between ∆t p j , W j , and N p s j , and for the first optimization loop we do not neglect Eq.9.
However, these results show that it is possible to obtain the same results using different optimization algorithms. Also, this is an indirect way to validate our new optimization algorithm.
Example 3, Free Number of Cycles and Project Life.
Neither the number of cycles nor the project life is specified. It is desired to determine the optimal set of control variables corresponding to the optimal number of cycles and optimal project life that maximizes the cumulative discounted net income.
For this example we applied the same algorithm used for Example 1. The results (Table 5 and 6) obtained with our algorithm match very well with the results of the Example 3 reported by Hong and Jensen. 17 As a summary of the results obtained in this section, we can infer the following points:
• A new optimization algorithm has been developed to optimize the cyclic steam injection.
• The algorithm combines a decline production model, a relationship between the amount of steam and the overall oil production, an objective function represented by the cumulative discounted net income, and a quasi-Newton method to obtain the optimal design parameters, which are the amount of steam to inject in each cycle and the corresponding production times.
• The method was successfully validated by comparison of the results with the results obtained with the discrete maximum principle.
Field Application -Reservoir Bachaquero-01
In this section, we present an application of our optimization methodology to a cyclic steam injection project in a heavy oil reservoir located in Bachaquero field on the eastern side of Lake Maracaibo, Venezuela. The Bachaquero-01 reservoir was selected for this evaluation because of an available recent production history match 13 of a prospective zone using Eclipse-500. In addition, there is an operational interest of knowing the optimal conditions of cyclic steam injection with horizontal wells in this area.
In 1999, Rodríguez 7 conducted a 3D thermal simulation of the Bachaquero-01 reservoir to evaluate the performance of cycling steam injection compared to steamflooding. This study was done in three areas of Bachaquero-01 reservoir (LLHW1, LLHW2, and LLHW3) that contained a horizontal well recently drilled.
The Rodríguez research 7 concluded that steamflooding should be the process to be used in this reservoir because it had a higher recovery factor and thermal efficiency, together with an effective repressurization of the reservoir, in contrast to the traditional cyclic steam injection process that had been applied in the field for more than 20 years.
Because of the high investment cost involved in switching from cyclic steam injection to steamflooding and the recent economic crisis caused by the low oil prices, it is very possible that the change of technologies in Bacaquero-01 will not be done in the near future. For this reason, it is of great interest to investigate what should be the performance of the cyclic steam injection under optimal conditions. Specifically, we wish to evaluate the optimal design variables for a horizontal well in this zone. Reservoir Characteristics. Bachaquero-01 is a Miocene reservoir of unconsolidated sands, with a sedimentary environment of fluvio-deltaic origin 7 . It is a monocline, dipping 20 to 30 to the southwest. The average depth is 3,000-ft. The reservoir is bounded on the south, west, and northwest by an aquifer of moderate strength.
Bachaquero-01 reservoir covers 19,450 acres with about 7.037 BSTB OOIP. The oil gravity is 11.70 API with a viscosity of 365 cp at original region conditions of 1,360 psia and 128 0 F.
Area LL-HW1 Description. To evaluate our optimization methodology we chose to work with the Area LL-HW1 and to estimate the optimal design variables for the horizontal Well LLHW1. Fluid and rock properties were available for this analysis. 7, 19 Area LL-HW1 is the least developed of Bachaquero-01. It covers a semi-rectangular area of approximately 110 acres, 1,920 ft by 2,500 ft, with an average thickness of 360 ft. The top of the sand is at a depth of 2,940 ft. The area is composed of five layers: AP-1, 2 and 3, HH, and GG. The average rock pore volume compressibility is approximately 60 * 10 -6 psia -1 .
The simulation runs were done using two-hydrocarbon components, a light component with properties very similar to methane and a heavy component with properties very similar to the heptanes plus.
Area LL-HW1 contains 6 wells, five verticals (LLVW1, LLVW2, LLVW3, LLVW4, and LLVW5) and one horizontal well, LLHW1, drilled in May 1997 with a length of 1,000 ft. From these wells only LLVW3 (which has been producing since 1955), LLVW4, LLVW5, and LLHW1 have had a significant contribution to the oil production of the area.
Wells LLVW4, LLVW5, and LLHW1 have been thermally stimulated. In March 1997, Well LLVW4 was in its second cycle. Well LLVW5 was in its third cycle and the horizontal Well LLHW1, which was steamed immediately after its drilling, was still in the first cycle. Table 7 shows the characteristics of each cycle. Grid Definition. We used a Cartesian grid composed of 1,200 blocks distributed as 12 in the x direction, 20 in the y direction, and 5 in the z direction, with local grid refinement in Wells LLVW3, LLVW4, and LLHW1. Fig. 1 shows the area (plane x-y) and cross-section (plane x-z) for this model, with the location of the 6 wells and their corresponding completion intervals. Cold Production Characterization. In Area LL-HW1, only Wells LLVW3 and LLVW4 have enough history of production without steam stimulation to characterize the cold production stage. The hyperbolic decline model was selected as the option to represent the cold-production conditions for both wells. Fig. 2 shows the results for Well LLVW4, and Table 8 the corresponding parameters for characterizing the cold production with a hyperbolic decline model for Wells LLVW3 and LLVW4. Economic Analysis for the Steamed Vertical Wells. Table 9 shows the economic data used in our evaluation. These values represent averages of 1999 economic conditions.
For reference purposes, we estimated the cumulative discounted net income for the vertical wells that were stimulated with steam (LLVW4 and LLVW5) 19 .
Analysis of the injection and production data showed that the vertical wells had an abnormal performance behavior, because the overall oil production increased with the number of cycles. Maybe better operational conditions, such as a higher steam quality or an improvement in the well completions, could be the reasons for this behavior. In addition, we noted that the production time within the cycles was irregular. The reported range of 4 to more than 7 years is unusually large. While such discrepancies are usually inevitable when introducing a new technology, they certainly obscure the economic analysis.
Using the cold production data from Well LLVW4 shown in Table 9 we conducted an incremental economics analysis 19 for wells LLVW4 and LLVW5. The results led to the following observations:
• The two first cycles of Wells LLVW4 and LLVW5 had production equivalent to or lower than the cold production. With this result, the economic indicators represented by the cumulative discounted net income are negative.
• The worst case is represented by Well LLVW5, which has negative indicators after three cycles or 14 years of thermal oil recovery.
From these results, we can infer that cyclic steam injection has not been an efficient method of oil recovery in Area LL-HW1. Horizontal Well Optimization -Problem Definition. The following factors were taken into the account to define our optimization problem.
We started our simulation work from the first cycle. That means that we took the results of the history matching up to the moment that the horizontal well (LL-HW1) began production (Jan/54 -May/97). From this point, we allowed one month of cold production before starting the steam stimulation.
In the field, Well LLHW1 was stimulated after drilling without allowing any time for cold production. Consequently, we decided to do the optimization design for this well using the option of mutually exclusive projects, discussed before. That means we cannot use cold production as a reference base for an incremental economics analysis.
The cost of drilling a horizontal well in Area LLHW1 is approximately $2 million; this amount was entered into our data file.
On the basis of experience in the field, we decided to use a drawdown pressure of 300 psia. Additionally, we set a criterion to stop the production cycle at a rate of about 150 to 200 STB/D. The minimum reservoir pressure was fixed at about 400 psia.
The maximum steam injection rate available in the zone is 2,500 STB/D water equivalent and the steam quality in the sand face is about 75%. These parameters were kept constant in our simulation runs. The next step was to model and analyze the hot production.
Optimization of Cyclic Steam Injection for Well LLHW1.
A series of runs was done with Eclipse-500. For all the cycles, a hyperbolic decline model was used to represent the well performance under thermal conditions.
The first cycle was run in a range of steam injection of 25,000 to 150,000 STB. When all the parameters for characterizing the production of this first cycle were obtained, we ran a first optimization of this cycle. The optimal amount of steam for the first cycle was about 100,000 STB of equivalent water injected. Because there are operational limitations, we had to fix the amount of steam to inject in the first cycle at 70,000 STB.
With this value fixed for the first cycle, together with its corresponding production time, we repeated the general procedure to characterize the second cycle. When we obtained all the parameters to characterize the second cycle, we ran our optimization algorithm for two cycles and obtained the optimal values for the second cycle. With the amount of steam to inject in the first and the second cycle fixed, together with their respective production times, we characterized the third cycle. We repeated this procedure cycle by cycle. Finally, we found that for a fifth cycle, the cumulative discounted net income was lower than the corresponding one for the fourth cycle. At this point, we finished our optimization work. Fig. 3 shows the hot production characterization results for the four cycles.
The correlations used to describe the relationship of q The initial oil rate and the overall production decrease with the number of cycles. This is a direct result of the pressure depletion in the reservoir. Table 10 presents the parameters used to characterize the oil production under thermal stimulation. Table 11 presents the optimal design parameters for cyclic steam injection of well LLHW1. Fig. 4 shows the results of the tuning stage, where the optimal values of W j and ∆t p j were introduced in the Eclipse-500 run. An excellent match was obtained.
The average fluid temperature in the complete area was not altered by heating in the horizontal well. The average temperature was kept constant at 128 0 F.
Reservoir pressure depleted at an average rate of 45 psi/year, with grater depletion rates in the first cycle. This cycle produced an average of 478,102 STB.
Low steam/oil ratios (0.15 -0.39) were obtained in all the cycles. This result suggests excellent thermal efficiency in the process. Trebolle et al. 13 reported values of 0.32 from a parametric study done in the field. The relation of energy injected to total thickness was in the range of 70 to 17 MMBtu/ft. Trebole et al. 13 reported values on the order of 142 STB of steam (equivalent water)/ft. In our case, we are in the range of 194.4 for the first cycle to 47 STB of steam/ft for the fourth cycle.
The results obtained in the previous section show that the optimization method appears to work well for a real case. However, we cannot say that these results should be applied to the field directly. To do that we need to have more field information to accurately represent the production behavior of the well.
In the definition of the problem, we applied general information about the production criteria used in the field. These data should be more specific for the area around the well. Information about well skin was not available. It is possible that the effective length of this well is shorter than 1,000 ft.
Conclusions

1.
A new methodology to obtain the optimal design values in a cyclic steam injection process for vertical and horizontal wells has been developed, evaluated, and applied in the Bachaquero-01 reservoir. This method integrates a commercial thermal simulator, a production characterization methodology, and an optimization algorithm that uses as objective function the discounted net income at the end of the final cycle.
2. The algorithm based on a quasi-Newton method with finite-difference gradient approximation was effective and stable. This procedure represents an advantage over optimization methods based on the application of the discrete maximum principle, because it avoids the generation of a large system of nonlinear equations.
3. We found the hyperbolic production decline model to be the best option to represent the production behavior of thermally stimulated wells. We developed and evaluated a new correlation to obtain the relationship of the parameter b of the hyperbolic model with the amount of steam injected, together with the procedure to obtain their corresponding parameters.
4. The success of the method depends on how accurately the actual production performance can be predicted. We observed that a satisfactory match with simulation results could be obtained. Additionally, the method gives enough flexibility to adapt specific injection or production conditions and economical parameters.
5. These results also show that, for mature reservoirs with low pressure, the injection of high amounts of steam in the first cycles ia better option then simply repeating the same cycles..
6. The application of cyclic steam injection in horizontal wells at the conditions represented in Area LLHW1 of Bachaquero field does not appear to be economically attractive. However, we recommend an update of the available information to obtain a better numerical representation of the production behavior for this well and its economic environment.
7. The methodology developed works reliably in field applications and it can be applied to evaluate various scenarios as additional information becomes available and/or the economic environment changes.
8. We recommend the extension of the optimization methodology for applying in other thermal processes as steam injection with additives, and steam drive. The cumulative discounted net income at the end of the fourth cycle is $19,867 The cumulative discounted net income at the end of the fourth cycle is $21,400. 
